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Abstract 

We extend the formulation by Meade, Seiberg and Shih of general gauge medi- 
ation of supersymmetry breaking to include Dirac masses for the gauginos. These 
appear through mixing of the visible sector gauginos with additional states in adjoint 
representations. We illustrate the method by reproducing the existing results in the 
literature for the gaugino and sfermion masses when preserving R-symmetry. We then 
explain how the generation of same sign masses for the two propagating degrees of 
freedom in the adjoint scalars can be achieved. We end by commenting on the use of 
the formalism for describing U(l) mixing. 



1 Introduction 

The study of patterns of supersymmetry breaking is of central importance as it 
is a necessary step in trying to understand the possible connections between non- 
supersymmetric infrared vacua, that might be useful in describing the world at acces- 
sible energies, to supersymmetric theories, that might describe a fundamental theory 
in the ultraviolet. Among possible descriptions of the breaking, gauge mediation sce- 
narios [UEJEHHOElElEJini HOI El are of special interest because of their simplicity, 
and because of certain phenomenological features, such as the universality of scalar 
soft masses which provides a solution to the SUSY flavor problem. Recently, Meade, 
Seiberg and Shih (MSS) [12] proposed a framework called "General Gauge Mediation" 
(subsequently considered in[I31IIlII51IISliniIISlIiai2nil2Ill22ll23ll21ll251) aimed 
at going beyond the ordinary models with perturbative secluded sectors to incorpo- 
rate the case of arbitrary SUSY breaking sectors. Following MSS gauge mediation 
is defined as the ability to decouple the theory into a visible sector and a separate 
hidden sector (where SUSY is broken) when taking the limit of all the visible gauge 
couplings to zero. 

While a definitive requirement for viable supersymmetry breaking is the generation 
of masses for the gauginos, the nature of these masses is not fixed. It can be either of 
Majorana type, which is the case in the MSSM, or of Dirac type which is necessary if 
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i?-symmetry remains unbroken. Investigations for a microscopic origin of the Dirac 
gaugino masses have been motivated by the possibility of supersoft mass terms [26, 
[271 I28j . brane models with non-supersymmetric intersections (non-supersymmetric 
fluxes) [23 [SUl EE] ; or the possibility of using calculable i?-symmetric F-term SUSY 
breaking models [32" 1 133 1 IM] . Prom an effective low energy point of view, the expected 
minimal extension of the MSSM to include Dirac masses is explicitly summarized in 
[35] and corresponding experimental signature of Dirac gauginos studied in [36] [37]. 

This work deals with the possibility of describing the above class of models with 
Dirac gauginos using the framework of MSS, i.e. we determine the general conse- 
quences of coupling a chiral multiplet in the adjoint representation of each of the 
MSSM gauge groups to the messenger sector. Although these kind of models may 
appear to be a form of direct mediation, we assume, as done in the above previous 
literature with Dirac gaugino masses, that there is no superpotential term coupling 
the adjoint fields to the visible matter superfields. Therefore, the mixing between the 
adjoint fermions and gauginos vanishes at zero gauge coupling, and we can extend the 
MSS formalism. This is a natural assumption, since the only dimension four operators 
respecting the gauge symmetries that could couple the adjoint fields to the MSSM 
involve only the Higgs. Provided that we use the extended MSS definition [12] of 
General Gauge Mediation, that we define such couplings to vanish when we also take 
the gauge couplings to zero, these fall into the MSS formalism. Such operators can be 
desirable for phenomenological reasons, for instance to provide a decay channel to the 
bino. However, the Higgs sector presents challenges for gauge mediation, especially 
because of the difficulty in generating both [i and B[i terms with the right magnitude. 
We will not discuss these issues further, nor others such as gauge unification, in this 
work and refer to the previous literature cited above, and also [381 l39| HU1 W\\. 

Section [5] reviews the formulation of MSS, that uses current correlators in order to 
parametrize the visible sector soft terms. Section [3] explains the necessary extensions 
in order to include the Dirac gaugino masses and gives the corresponding formulae 
for the sfermion masses. Section 0] illustrates the use of current correlations to re- 
produce the result of existing models and extend them to the case of both a D and 
an F-term. Previous microscopic derivations of supersoft Dirac gaugino masses were 
plagued with a problem: in the perturbation expansion one obtains a tachyonic mass 
for one component of the scalars in the adjoint representation [271 [281 [31] . Section [5] 
explains how this is fixed in the case of multiple messengers by an appropriate choice 
of superpotential. Some examples are given to illustrate the results. Finally, section 
[6] provides a short discussion on the use of current correlators for describing kinetic 
mixing between two Abelian gauge vectors. 

2 Quick Review of General Gauge Mediation 

The philosophy of general gauge mediation [12] (see also [161 El 02]) is to treat 
the messenger sector as coupling to a supersymmetric visible sector (presumably the 
MSSM, but not necessarily) linearly via currents to the gauge superfields. Correlators 
of these currents then determine the observable data, which consist of the scalar and 
gaugino masses. These are then specified by three real and three complex parameters 
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respectively, and satisfy two sum rules. 

The gauge superfield V couples to the gauge current superfield of the messenger 
sector J where 

j = j + ioj - ie] - eaOj^ + Uee^d^j - \m^d~j - ^eeeeuj (2.1) 

via a linear term 

C int = 2g j d 4 6JV = g(JD - Xj - A j - fV„). (2.2) 

By defining correlators 

(J(p)J(-p)) = C (p 2 /M 2 ] M/A) 
(ja(p)j^- P )} = -a^p,C 1/2 (p 2 /M 2 ;M/A) 

UMA-P)) = ~(pV> " PpPu)Ci{p 2 /M 2 ; M/A) 

{j a (p)M-p)) = e a pMB 1/2 (p 2 /M 2 ) (2.3) 

where M is a mass scale defined by the correlators and A is the cutoff for the theory, 
we find 

C a {p 2 /M 2 - M/A) = 2vr 2 clog A/M + C a (p 2 /M 2 ) (2.4) 

where c is independent of a and determines the change in beta function due to the 
messenger matter; and we can calculate terms in the effective Lagrangian 

5C eff =^g 2 C (0)D 2 - 5 2 iC 1/2 (0)Aa^A 

(2.5) 

- ^C^F^F^ - ^g 2 (MB 1/2 (0)XX + c.c). 

We can then read off the Majorana gaugino masses: 

m M = g 2 MB 1/2 (0). (2.6) 

The scalar mass for a sfermion / in representation / of gauge group r with coupling 
g r is given by 

3 

m) = g\Y s t + Y,9 4 r C 2 (f;r)A r , (2.7) 

r=l 

where Yf is the associated hypercharge, C 2 (f;r) is the quadratic Casimir and £ is a 
Fayet-Ilioupoulos term, and 

A r = ~ J ^_j 2 (zc[ r \ P 2 /M 2 ) - AC^ 2 (P 2 /M 2 ) + (fV/M 2 )) . (2.8) 

Thus the gaugino masses are a priori unrelated to the sfermion masses and the change 
in beta function. However, there are two sum rules obeyed by the scalars, since U(1)y 
and U(1)b-l are non-anomalous: 

tr(ym 2 ) - gl&iY 2 = 
trf (B - L)m 2 ) - gf^trf (B - L)y) = 0. 
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3 Adjoints and General Gauge Mediation 



Our aim is to see how additional matter in the adjoint representation of the standard 
model gauge groups fits within the context of general gauge mediation. For non- 
Abelian groups adjoint chiral fields X{= X + \/29x + 66F X + •■•) couple to the gauge 
fields via the current 

Jx = [X,X*] (3.1) 

and one could attempt to parametrise their behaviour entirely in this way. However, 
we find the prescription lacking when we want to describe the gaugino masses: the 
adjoint fermions may mix with the gauginos via Dirac mass terms. To include them, 
we consider the coupling of the adjoint to messenger fields via the superpotential 



W D X X XJ 2 



leading to a coupling in the Lagrangian 



CDXx X32 + xh + XF 2 + XF 2 



(3.2) 



(3.3) 



Here J 2 {= J 2 + V26j 2 + 66 F 2 + ...) is a chiral superfield. Superficially this may 
appear to be a form of direct mediation, but as explained in the introduction, since 
we are not considering the Higgs sector it is natural to assume that there is no 
superpotential term coupling the adjoint fields to the visible matter. In this way, the 
mixing between the adjoint fermions and gauginos vanishes at zero gauge coupling, 
and we can extend the MSS formalism. The calculation of this mixing involves, in 
addition to the correlator of j a (the chiral fermionic component of the messenger 
gauge current) with itself, the new correlators 

(ha(p)j w (-p)) = -a^p,E 1/2 (p 2 /M 2 ;M/A) 

(ja(p)j 2$ (- P )) = -a^p,G 1/2 (p 2 /M 2 ;M/A) 

ti«(p)j2f}(-p)) = e a pMH l/2 {p 2 /M 2 ) 



{ha{p)j20{-p)) = e a pMI l/2 {p 2 /M 



(3.4) 



(here M is a mass scale that is defined through the above correlators) leading to terms 
in the effective Lagrangian 



6C eff = - g\ x MH 1/2 (0)xX - gXxiG 1/2 {0) X a^~X 

- \x 2 x MI l/2 {Q)xx ~ U 2 x iE 1/2 (0) X ^d^x + cc. 



(3.5) 



Then, allowing for a possible tree level majorana mass term for the adjoint fermions 
of \M\M{xX + XX) (where M x is dimensionless) , we find to the lowest order in g 
and Ax two majorana fermions of mass 



m± = -M 



M x + X 2 x I 1/2 (0)+g 2 B 1/2 (0) 



M x + X 2 x I 1/2 (0) - g 2 B 1/2 (0) + VA^ /2 (0) 



(3.6) 
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In the case (such as when preserving R-symmetry) where for the majorana terms 
M x = an d -B 1 / 2 (0) = ^1/2(0) = 0, we recover two majorana fermions of mass 
^1/2(0) which combine to yield a Dirac gaugino with mass 

m D = g\ x MH 1/2 (0). (3.7) 

Now we turn to the computation of scalar masses. The one-loop generated gaugino 
soft masses can induce soft masses for the scalars at higher order, as in the case of 
ordinary gauge mediation. This is manifest in singular behaviour in the correlator 
C1/2 at low momentum; if we compute C1/2 at two loops we obtain a term of the form 

C 1/2 (P 2 ) D -^jA X *\ 2 \ j d A xjv*(j a {x)(j d^ijaxV/ 'dWaxWo)) 
p 2 + (MM X ) 2 

which is divergent in the infra-red if M x = 0. In this case of Dirac gaugino masses, 
we therefore resum all of the one-particle irreducible contributions to the soft mass- 
squareds, giving the improved formula 

rf 4 D 1 / , , AC\ r hp 2 /M 2 ) , , 



which is finite in the infra-red. We then find that the conclusions from general gauge 
mediation are unchanged: the MSS sum rules are preserved, and the gaugino masses 
are a priori unrelated to the scalar masses. However, some of the techniques [17\ [T8] 
developed to examine the leading order terms in the SUSY breaking order parameter 
cannot be applied here since the correlators C a no longer correspond to coefficients 
in the effective action. 

Note that we did not resum Co or C\. We must have no pole in C\, or we would 
generate a mass for the gauge bosons, and hence it is not necessary to resum that 
term. Moreover, if we consider Co with = 0, we find 

C (p 2 /M 2 ) D \\ x \ 2 ± J d A x^ x {J{x)(J d A Zl XF 2 ^ ( J d A z 2 X^F^J(0)) 
D \X x \ 2 \(J(p)F 2 (-p))\ 2 (X(p)XH-p)) + 



D ^\\ x \ 2 \(J(p)F 2 (-p)}\ 2 + ..., (3.10) 



but rather than resumming the whole of Co, we find that we should just include 
further terms in the {X(p)X\— p)) propagator. We also find a contribution from the 
(X(p)X(—p)) propagator and its conjugate. These are straightforward to incorporate; 
defining the correlators 

(F 2 (p)Fl(-p)) = M 2 F (p 2 /M 2 ) 
(F 2 (p)F 2 (-p)) = M 2 F -(p 2 /M 2 ), 
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we find 

X P = -±=( e - ie X + e ie X^, X M = -^(e~ id X-e i9 X^, (3.12) 

are two separate propagating degrees of freedom with masses mp,mM respectively, 
where the angle 9 is such that they are independent, and can be given by 

e w = (3.13) 

*3(o) 

Note that in many cases we find that -Fq(O) is real, in which case Xp, Xm become the 
real and imaginary parts of X. In addition we define the correlators 



J (p 2 /M 2 ) ee (J(p)F 2 (-p)), J' {p 2 /M 2 ) ee (J(p)Ft(-p)), (3.14) 



we find 



C (p 2 /M 2 ) ~ 1 2 \Xx\ 2 \e te J (0) + e-^J^l 2 

p 2 ^0 P+m P (3.15) 
1 



+ rf 2 |Ax| 2 |e^J (0) - e- w ^(0)| 2 , 



p z + m 



and thus we do not need to resum the Co contribution either. We can determine the 
masses to lowest order in g\x as 



/If 2 / \ 
m 2 P =A^—(f (0) + |^(0)| J 

"4 =A 2 v^(^o(0)-|^(0)|). 



(3.16) 



We can use the above to calculate the leading contribution to the sfermion masses 
due to the masses generated for the gauginos and adjoint scalars. Denoting the scale 
of supersymmetry breaking in the hidden sector as \fK (where A can be taken to be 
F, D for F or D term breaking respectively, or the square of the vacuum energy for a 
model-independent definition) we can compute the leading contribution in A/M 2 at 
order g^\\ as follows. First consider that supersymmetry is restored above the scale 
A and thus we can consider an expansion at low energies where 



X 2 f dp 1 



4|tf 1/2 (0)| 2 |e*J (0) + e-*JS(0)| : 



p 2 + m 2 D p 2 + m 2 p 

^\e^ J o {O)-e~ i0 J^^ 2 ^ 



p A + m 



M 



(3.17) 



This appears to have ultra-violet divergences. However, these generate terms in the 
effective Lagrangian 

5C D d(xJ o (0) JJ(0)) " MH 1/2 (0)X X - MH\ /2 (Q)\x (3.18) 



which at 0(A/M 2 ) can only come from an effective term 

SC D / d 2 6W' a W a X, (3.19) 



where W' a is a spurion developing 3. V6V QqJD^ 9,11(1 SO 

h 1/2 (p 2 ) - Hp 2 ) =o(a 2 /m a ) 
t 

V 

We therefore find 



H\jp 2 ) - J' {p 2 ) =0(A 2 /M 4 ). 



to first order in A/M 2 . If Hi/ 2 (0) is real, then we find 



m 



D 



giving 



(3.20) 



1 1 

g 2 SA r = A\m D \ 2 log 1 — ^ + (m D - m^) 2 log —f (3.21) 



gfSAr = kmft, log — f (3.22) 



^ = tc 2 (/; r) «!lc E ^ 2 , (3.23) 

in agreement with the expressions in [27]. Since we expect A/M 2 <C g 2 ~ A 2 , this 
becomes the dominant component if the two-loop mass squareds are C(A 4 /M 6 ). 



4 Applications 

In this section we shall show how to use the formalism developed above to calculate the 
gaugino and scalar masses in explicit examples. We will in turn illustrate the simple 
cases of supersymmetry breaking by D terms, R-symmetry preserving F-terms, and 
finally generic D and F terms. 



4.1 Example with D Term Breaking 

We consider as a first example the case of D-term supersymmetry breaking with 
messenger fields Q, Q of mass M with opposite charges under a hidden U(l) gauge 
field that develops a vev W' a = a D, coupled to an adjoint field with 

Jb = QQ. (4.1) 
This has been well studied in [Ml EI] ■ We find 

H 1/2m _ V2 / ^ (jjJjg - jjJjjj) {p + ^ +m (4.2) 
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where M± = M 2 ± D, and thus 



m D = g\ x MH 1/2 (0) = ^=gX x l(M, D) (4.3) 



where we have defined 



T(M, A) = 2 



1 A 



(4tt) 2 M 
2 A 



(1 - A/M 2 ) log(l - A/M 2 ) + (1 + A/M 2 ) log(l + A/M 



2M 



A 2 /M 4 

+ ... 



(4vr) 2 M 

(4.4) 

Since the gaugino masses in this model are pure Dirac, we find that for degenerate 
messenger masses M under 577(3), 577(2) and L^(l)i that the ratio of gaugino masses 
is 

mi : m 2 : m 3 = Ai^/aT : A 2 ^«2 : hV®3 (4.5) 

The parameters Aj are not independent, however; they are determined by running the 
coupling from the unification scale. 



4.2 Example with R-symmetric F Term 



As another example, consider the model of [34]: the standard model gauge group 
is embedded in an 577(5) C 577(6), and there is a hidden U(l) group. The field 
content is given by an 5f7(6) adjoint M, 577(5) adjoints <!>, M'; fields N and tp in the 
fundamental of SU(5) and N, <p in the antifundamental, supplemented by a singlet 
pair tjjj'ip. The superpotential is 

W = Wi + \{<pM(p + KipXip + + KipN(p) - f 2 (X + u/TrM), (4.6) 

where 

Wi=y(^$JV-JV*¥>). (4.7) 

Tpip develops a vev equal to M^ ess = \v\ 2 = f 2 /\K,', and (-Fti-m) = w/ 2 . The (p, (p* 
scalars mix into <j)± = ^{<p* ± V 9 ) with masses = (1 ± z)M^ ess , where z = 
ujk'/k 2 . The scalars N,N acquire masses M mess , while there is a Dirac mass term 
ve l ^/ v (pN + ve~ % ^/ v (pN (where we have used the same symbol for superfield, scalar 
and fermion). The currents are 



3c 



-y/2i 



ip*<p a - <p*p a + N*N a - N*N a + M*M a + M'*M' a + $*$ c 



ha = (Nip a + pN a - Nip a - pN a ) 
J = (p*(p — (p*(p + N*N - N*N + M*M + M'*M' + 
F 2 = NF^ + F N p - NFp - Ffiip (4.8) 

and jp defined similarly. We have also suppressed gauge indices. 



S 



This model contains only Dirac gaugino masses; thus the gaugino masses are given 
by equation (|3.7p . We find 



MH l/2 (p 2 /M 2 ) =-^M mess cos ,£/<!; 



+ 



1 



d A q 



1 



(2vr)4 ( q+p )2 + M^ ess 
1 2 



2 + m\ q 2 + m 2 _ q 2 + 



(4.9) 



in agreement with 

At order g 4 , the sfermion masses are given by the contributions of the fields 
ip, <p, N, N only. We shall compute these using current correlators and equation (|2.7|) . 
We begin with C±, given by 



since there are contact terms 

{j^{p)ju{-p)) + ar]^ = -{p 2 ^ - p„p v )Ci. 
We then require the two point current correlator: 



(4.10) 



(4.11) 



(j^(x)ju(O)) =2 



(dfj,D(x; m + )d v D(x; m+) - D(x; m+)d IM d v D(x; m+) 

+ 2d^D{x; M mess )d u D{x; M mess ) - 2D(x; M maK )d lx d v D{x\ M n 
+ ^ v {d p D{ X] M mess )d p D(x; M mess ) - M 2 ess (L>(x; M mess )) 2 ) 

- 85 /i L»(x; M meSB )d v D(x; M mesf 



(4.12) 



which leads to 
C x =- 

+ 



d 4 q 



(p + ?) • (p + 2q) 



27r) 4 V (<7 2 + ml )((p + <?) 2 + m 2 



2 

3p 2 

2p 2 + 14p • g + 12g 2 + 16M 2 
(g 2 + M 2 ess )((p + (? ) 2 + M 2 f 
4 4 



(4.13) 



g 2 + ml 



<? 2 + m 2 g 2 + M 2 ,, 



We find, using the notation of [42J, 

—3Ci — > — (0\m+\m + ) — 4m+(0, 0|m+|m+) + m + f-> m_ 

- 10(0|M mcss |M mcss ) + 8M 2 ess (0,0|M mess |M mess ) 

- 4(0, 0) (m+) - 4(0, 0) (m_ ) + 8(0, 0) (M mess ) 



(4.14) 
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and, similarly 

-C -> - 2(0|m+|m_) - 2(0|M mcss |M mess ) 
40-1/2 -> - 8(0, 0)(M mess ) + 4(0, 0|m+) + 4(0, 0|m_) + 4(0|m+|M mess ) 

+ 4zM 2 css (0,0|m+|M mess > + 4(0|m_|M mcas > - 4zM 2 ess (0, 0|m_ |M mess ) 
+ 8(0|M mess |M mess ) (4.15) 

which, when integrated using the expressions of [32], yields 

A r (2(1 + log(l - z 2 ))((l + z) log(l + z) + (l-z) log(l - 2)) 

- 4zLi 2 (z) + 2zLi 2 (z/(z - 1)) - (1 + z)U 2 (2z/(z - 1)) (4.16) 
+ (2 + z)Li 2 (z 2 )-2zLi 2 (z/(l + z))- (i - ;)Li 2 (2:/(l + :)) 

After some manipulations one can show that 
2M mess 



log(l + z) - 2Li 2 (z/(l + z)) + -Li 2 (2z/(1 + z)) 



+ (z o -z). 
(4.17) 



(4vr) 4 
in agreement with 

4.3 D and F Term Breaking 

Suppose now that we return to the case of a single messenger pair, but consider both 
D and F term breaking. The mass eigenstates of the scalars are given by 

1 



1 



{{D + A)Q + F+Qt) 



{(D - A)Q T + FQ) 



(4.18) 



with masses m± 
functions 



V|F| 2 + |D-A| 2 
M^ ess ± A where A = ^/F* 2 + |F| 2 . This leads to two-point 



(Q(x)Qt(o)) 
(Qt( x )Q(0)) 

(Q(x)Q(O)) 



F> + A . . A — D . 
2A D(x; m+) + 2A £>(g; m_, 

A — D . . A + D . 

-D(x; m+) + ——D(x; m_ y 



2A 

Ft 



Ft 
2A 



2A 

D(x; m_) 



(4.19) 



leading to 



# 1/2 (p 2 /M meS s) = 




(4.20) 


^i /2 (p 2 /M r i css ) = 


^X(M,A) 


(4.21) 


h /2 (p 2 /Ml css ) = 


lFt 

-^Z(M,A) 


(4.22) 
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where I(M, A) was defined in equation (|4.4p . Then we calculate the gaugino masses 
to be 



m± 



X(M,A)^ 



\# X F* +g 2 F±J (±\*.F\ - W + 2g*\ x D* 



(4.23) 



5 Adjoint Scalar Masses 



In this section we consider the generation of masses for the adjoint scalars. Recall 
that the adjoints can be decomposed into two components Xr, Xj with masses uir, mj 
that can be calculated using current correlators using equation (|3.16|) . From that we 
see that if 

|^(0)| > |F (0)| (5.1) 

then we have a tachyonic spectrum. In this section we calculate the masses for several 
models. The simpler models yield tachyons, but we calculate the masses in general 
for models with F-terms, and those with D-terms, and show how tachyon-free models 
can be found in each. 



5.1 One Messenger Pair 

Here we consider the case of one pair of SU (5) messengers as in section 14.31 To 
compute the scalar mass correction, we have two options. One is to treat the auxil- 
iary fields as dynamical, and construct propagators for them and their mixing with 
the fields Q,Q. The unitary transformation that rotates Q,Q can also rotate their 
auxiliary fields Fq , Fq as 

( F i\= J— ( .7XTB F+ + yj=B F - \ ( 5 2 ) 

\Fl V2A I VATDF+ - VA^T>F_ J ^ 



giving propagators 



(Mx)Fl{0)} = -M mess D(x;m + ) 
(F + (x)Fl(0)) = (□ + A)D(x; m+) 
(0_Or)Fl(O)) = -M mcss D(x;m_) 
(F_(z)Fl(0)) = (p-A)D(x;m-) 



and thus we find 



where 



(5.3) 



F 2 = g(Fft _ Pf) + ££»Ff + ^^Ff t + M ~ (5.4) 



F 2 M = + (5.5) 

Ff = + M+0lF_. (5.6) 
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In this case, the 0(A 2 ) mass for the scalar is given by (F 2 (p)F 2 (— p)), but also the 
correlator {F 2 (p)F 2 (— p)) gives the same scalar contribution to XX + XX; the only 
difference comes from the fermions. We thus computed 



M 



(F 2 H (p)F 2 H \-p)} 
(F 2 H (p)F 2 H (-p)) 

(F 2 M (p)F 2 M \-p)) 

(F2 M (P)F2 M (-P)) = ~ 2Ml ess (m + \m- 
(qq(p)qq(-p)} =2M 2 ess (M mcss |M n 



(m+) + (m_) — (m+\m+) — (m_|rn_) 



(m+|m + ) + (m_|m_ 



(m+) + (m_) - 2M mess (m+|m_) 



<g?(p)g¥(-p)> =(2M^ ess +^)(M mess |M n 



2(M n 



(5.8) 
(5.9) 
(5.10) 



Thus we find 



M 2 F (p 2 /M 2 



(m+) + (m_) - 2(M mess ) 



+ (2M 2 ess +p 2 )(M mess |M n 



Mi 



(m+|m+) + (m_|m_) 



(5.11) 



M 2 Fq(p 2 / M 2 ) =M, 



2 

mess 



2(M mess |M mess ) - (m+|m+) - (m_|m_) 
It is straightforward to see that 

(2 + z) log(l + 2) + (2 - z) log(l - z 



M 2 

M 2 F (0) - mess 



(47T) 



M, 



(4vr 



mess / _ 4 , 
2 I3* + 



M 2 r 2 /If 2 1 

M 2 ^(0) = ^ i og (i _ z 2) = -—^(1 + -z 2 + ...), 



(47T) 



(47T) 



and therefore there is a tachyon. 

We can also compute the correlators Jo(p 2 /M 2 ), Jq(p 2 / M 2 ); we find 



J = Q*Q-Q*Q 



1 



£>(0U+ - 0L0_) - |F|(</>U_ + 0L0 + ) 



(5.12) 



(5.13) 



which leads us to 



Jo(0) 



M mcss D 
A 



(m+|m+) — (m_|m_) 



-^mess-D , / 2 / 2 \ 
— log(m + /m_) 

1 2D 

(4vr 2 ) M mess 



(5.14) 



2 Of course, it is easier to compute the contributions by considering the couplings in the Lagrangif 
CD-\ 2 X [Q^XXQ + QXXQ ] ] - Xx M moBB {[Q*(X + X)Q + Q(X + X)&] + Xqq + Xqq} 
which is left invariant by the diagonalisation of Q, Q. This calculation is to illustrate the method. 



12 



which is equal to .^1/2(0) to leading order in A, compatible with equation (|3.20p . We 
also find that Jq = Jo here. 



5.2 Multiple Messengers 
5.2.1 F Terms 

We begin this subsection by analysing again the model of [34 . Consider the interac- 
tion with the adjoint scalar in the Lagrangian with the scalar vev: 



M 2 + |c^| 2 + |Af + |Af 



lyf + l^ + lAf -|iV| ; 



+ ($ + $*)M mess y 
+ y<5>{y a N a - N a y) + c.c 
Note that we can write \(p\ 2 — \tp\ 2 = tp* + <f- + This leads to 



(5.15) 



M 2 F (p 2 /M 2 



M Fq(p /M* 



and thus 



Mi 



2(m+|m_) + 2(M mess \M n 



+ 4(M 2 ess +p 2 /2)(M mess |M mess ) + (m+) + (m_) - 2(M n 



M 



2(m+|m_) + 2(M mess \M n 



+ 4M mess (M mess |M n 



(5.16) 



M 2 F (0) 



M 2 Fq(0) 



M 2 


2 + 


16vr 2 


M 2 

-""mess 




16vr 2 


M 2 1 

mess 


2z 


167T 2 2 


M 2 
-"-'mess 


"1 


16vr 2 


3' 



'J_JL log(1 _ z) _ (i±i)! log(1 + z) 

2z - (1 + ^) log(l + z) + (1 - z) log(l - 2) 

-z 2 + — « 4 + 
10 



(5.17) 



Hence the two states of the adjoint have masses z 2 y 2 M mess /327r 2 , z 2 y 2 M mess /967r 2 , 
so there is no tachyon. This shows that we may avoid a tachyon by using multiple 
messenger fields. 

Consider that for F-term supersymmetry breaking a spurion S aquires a vev 6 2 F; 
we must generate a term in the Kahler potential of 



AK D ^-tr(AfAft). 



(5.18) 



We wish to find explicit models that will generate such terms. To do this we can 
either compute diagrams, or use the result of [33j HH USJ 06]: the correction to the 



13 



Kahler potential at one loop, ignoring the gauge-dependent contribution (since we are 
considering spurions which are singlets of the standard model gauge groups) is 



A A - -J— til M 2 J ](>£ 



Mt 



1 



32vr 2 \ f\ A 2 
where for canonical tree-level Kahler potential, and generic superpotential W 

Ml = W Tk 5 kk W kj . 



(5.19) 



(5.20) 



We can now use this expression and expand to quartic order in the fields X,E. For 
example, the simplest case that we can consider is the superpotential 



W = Ztr(QQ) + QXQ 



(5.21) 



where Z = M + S, generates 



22) 



which, when expanded to quartic order and we consider terms proportional to H^H 
gives (when we consider that Z, Z should be multiplied by the unit matrix for the 
gauge indices, and thus commute with X, X) 



(5.23) 



as expected - this gives a tachyonic mass. However, if we now generalise the model 
a little we find that we can generate precisely the term required. Consider a set of 
N mess pairs of fundamental and antifundamental fields Qi, Qj of equal masses M mess . 
We can write 

W = M mess tv(QiQi)h + \jQiXQ-j + S^ J tr(Q i Q J ) (5.24) 
and then we find, after some algebra, that (for simplicity taking A, /x to be real) 

AK D tL*~ JfT- \ k(* f *)tr [[A, fi] [X T , fi T ] - 2[A, X T ] [//, 

mess l \ 

+tr(X 2 + X 2 )tr(^i T (n\ 2 + A^A + A 2 /i) 
and so to ensure the absence of tachyons we require 



(5.25) 



tr(2[A,A r ][^,^]-[A,^][A r , /[ / T ]) >2 



trl n T (fJ,\ z + A,uA + 



(5.26) 



We also find a linear term proportional to EEHt({/j,, rf}(XX + X^X^)), which must 
vanish to prevent a vev for X, . These constraints can be satisfied for example with 



-Nmess = 2 and the following choices 

1 



x = y 



o 



-l 



1 




(5.27) 
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which gives 



AK D 



y 



167r 2 M2 ess 6 
96vr 2 Ml ess L 



Atr(X^X) - tr(X 2 + A' 2 ) 



trf-lA' + ^l 2 + ^|AT-Ar| 2 ) 
v 2 i ^ i ^ 2 ' 1 ' 



(5.28) 



5.2.2 D Terms 

Now we consider stabilising models with a D-term. In this case, we do not calculate 
the Kahler potential, but rather the Coleman- Weinberg potential: 



V 



1 



64vr 2 



Str(.M 4 log.M 2 ) 



We can consider a similar model to the above, with 

W = M mess tr(QiQl)Sfi + \jQiXQ 3 
but now the supersymmetry is broken by a term 



(5.29) 



(5.30) 



(5.31) 



where the ej,ej are charges under a hidden gauge group whose coupling has been 
absorbed into D. We can thus express the mass matrix as 



M 2 = M 2 . M| 



where 



M 2 = M 2 CSS [(1 + AX/M mcss )(l + XWyM^a + DetSij 
Mh = Ml ess [(l + X T X T /M mcss )(l + A*X*/M mess )]^ + Dgjfc 



(5.32) 



(5.33) 



where the trace over gauge indices has been suppressed. If we make the further 
simplifying assumption that = — ej, then writing e = ej<5jj we find that to quartic 
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Aness 



order in D/M£ 

eD N , , eD 



2M mm (XX + xWjUl + ^L)log(i + 

V -'"mess 
+ ( 1 -77^) 1 og( 1 " 



M 2 ' 

x "mess 



M 2 M 2 
-'"mess -'"mess 



+ ^(§^[A,At ] )-^ [ A,At ] )) 

+xxt (£:{^ (M][At - ]) } 

{ A(e4 AA t) _ l (e 4 A t A) _ I( A teAe 3 ) - i(AeAte 3 ) - ^(AeW)}) 



P 4 

+ M 8 



mess 

-.4 



4 



i((At) 2 e 4 ) + I(AteAte 3 ) + i-(At e W 



M mess ]5 u ' ' 5 V ; 10 



(5.34) 



We see that we can ensure the absence of a linear term for a U(l) adjoint by requiring 
tr(Ae 2n ) = 0; this can be achieved by choosing charges 0, ±1 and tr'(A) = 0, where the 
prime denotes that the trace should be taken over indices for which a 7^ 0. We can 
also read off the condition to ensure no tachyons at small D as being tr(e[A, A^]) > 
or tr(e[A, A*]) = 0, 

tr([e,A]([e,A]) t ) > |4tr(A 2 e 2 ) + 2tr(AeAe)|. (5.35) 
We can solve this, for example, with the following choices: 

*-»(-. J)- -1) <«*> 

This corresponds to a model with fields Q\, Q 2 , Qi, Q 2 with U(l) charges 1, —1, —1,1 
and superpotential 

W = M mess Q 1 Q 1 + M mess Q 2 Q 2 + y{Q 1 XQ 2 - Q 2 XQ 1 ). (5.37) 
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Here we can explicitly calculate the potential to be 

Vp Rl £/) = ^?tr{ (l + i(X& + E?) + ^^ 2/M 4 css + 2S 2 



x log 



1 + 2 ( S « + S ?) + ^9 2 D 2 /Mi css + 2£ 2 



x log 



1 + + 



^L)2 /M 4 ess + 2E 2 



(5.38) 



for = -v/2yK(X)/M mcss , = \/2y3 ; (^)/^mess- This is strictly positive, with a 
minimum at = S/ = 0, for D 2 /M^ ess < 1. Unfortunately this model does not 
generate gaugino masses at one loop. In general, to calculate the gaugino masses we 
write the currents 



j a =V2j2viQ*iQia + V^^ViQ-A 

i i 

32a =\~j{QiQ~ja + QiaQj) 



(5.39) 



where u»,i3| describe the "charges" of the messengers under the visible gauge group. 
For the SU (N) gauge groups we must take V{ = —U[ = 1, while for the hypercharge we 
can choose the charges but take V{ = —v^ for simplicity. Then defining v = diag(uj), 
we can calculate the Dirac gaugino masses to be (for ej = 0, ±1) 



m D = -^=gtr(Xev)l(M mcss , D) 



(5.40) 



where X(M mess , A) was defined in equation (|4.4p . Now we can easily write down a 
model that avoids a tachyonic direction while allowing for gaugino masses: 



x = y 



1 a 
-a -1 



1 

-1 



1 
1 



where 2\a\ 2 > \a 2 — 3|. We then find scalar mass squareds of 

(2|a| 2 ±|a 2 -3|)|y| 2 D 2 



m 2 PM 



24M2 ess7r 2 



(5.41) 



(5.42) 



with e 4ld = (c.f. equation (|3.13|) ) and gaugino masses of y/2gyl(M mess , D). With 
regards to the visible sector sfermion mass squareds, the two loop contribution will 
be 0(Z) 4 /M£ ess ) by the reasoning of [171 fTHj 157] . and so provided D 2 /M^ ess < X 2 the 
dominant contribution comes at three loops. Calculated using equation (|3.23p . this is 



m : 



£ 

r=l 



a 2 C 2 (f;r) D 2 



32vr 4 



M 2 



4|7/| 2 log 



7T 

3a, 



(2\ar + \a' 



+ {y-y*y\o 



2\a\ 2 + \a 2 - 3| 
2|al 2 - la 2 -31 



(5.43) 
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For a, y real, we simply require to a 2 > 1, and then the mass squareds are 



in 



f 



r=l 



y z a 2 D< 
8vr 4 ML 



log 



7T 



(a 2 



(5.44) 



We thus have an R-symmetric model with D-term supersymmetry breaking that de- 
pends upon two real parameters D, M mess and two complex ones a,y. 



6 General Kinetic Mixing 

The calculation of kinetic mixing between U(l) gauge fields [Ml [Ml H3 E3 EH E3 GS] 
can also be recast into the evaluation of current correlators: consider initially a single 

2 

hidden U(l) gauge field with field strength W' a = D D a V and coupling g' . It couples 
to a hidden sector current J 1 via 

C D I MJ'V. (6.1) 



J d 4 e 9 'j'V. 



We want to consider the mixing with the visible sector U(l)y hypercharge. Therefore, 
we can define the correlators 

(J(p)J'(-p)) = cl ) Y) '(p 2 /M 2 -M/A) 

(ja{p%{-p)) = -a^C$'(p 2 /M 2 ; M/A) (6.2) 
(Mp)t(-P)) = -(p\u-p,Pu)CP'(p 2 /M 2 ;M/A). 

In the case of supersymmetry, these are equal (C^ 1 ^' = = c[ Y ^' = C^') and 

we find a term in the Lagrangian 

CD J d 2 eC (Y)l (p 2 )W' a W a (6.3) 

but otherwise we generate 
5C eff D grg'C^'tf^DD'-g^cVl'ip^iX (6.4) 

■<Y)>. 



and therefore for SUSY breaking we are interested in Cq ; we find that the formula 
for squark mass squareds (|2.T|) should be modified to 



3 

m) = g 2 Y f (t + g'C (Y) '(0)(D')) + £ gjC 2 (f; r)A r . (6.5) 

r=l 

Therefore a D-term for the hidden U(l) manifests itself as a Fayet-Iliopoulos term 
in the visible one - preserving the mass sum rules. However, since this effect is 
suppressed by a factor of g'C^ relative to a tree level FI term it there is no a 
priori reason to forbid it - and indeed messenger parity does not exclude it. If we 
assume that g' ~ g and that Cq'(0) ~ 10~ 9 consistent with current limits, then we 
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may have (D') as large as ~ W 5 GeV 2 , but the size of kinetic mixing may be many 
orders of magnitude smaller than this, for example if the hidden U(l) is a dark matter 
constituent [Ml EEl ES EH EE] • In this case, as pointed out in [50J, a kinetic mixing of 
10~ 16 is consistent with (D 1 ) ~ MzM p [. We should thus not discount the possibility 
that D-term communication via kinetic mixing contributes to the soft masses, yielding 
a fourth real parameter to the gauge mediation spectrum. 

As in the case of the MSS correlators (|2.3p . the singular behaviour of the new 
correlators is given by 

Ci YY (p 2 /M 2 ; M/A) = 2vr 2 clog(A/M) + finite (6.6) 

with the same c for each, since supersymmetry is restored above the scale M. However, 
for string-derived D-brane models of kinetic mixing where there is no light matter 
charged under the hidden U(l) [591 E01 EI], we generically find that c = 0; at one 
loop, it is given by tr(QQ'), i.e. a trace over the states of the product of their charges 
under the two U(l)s, and in such models the heavy states satisfy this while still 
contributing a threshold correction to Ca ■ 

The general approach to kinetic mixing is useful when we consider that the effect 
is generated by integrating out super-massive modes, and thus it is sensitive to the 
UV completion of the theory. If the completion is string theory, then the effect may be 
generated by either massive bifundamental fields or axions. The axionic interaction 
with gauge fields Vi can be given by 

C = j d A Q M A (A + A)QiVi (6.7) 

where A is a chiral multiplet describing the axion with components (A, s a ) and Qi 6 
{Q,Q' ■■■} are Green-Schwarz coefficients. Writing a = K(^4) we find {J, J'} = 
{M A Qa,M A Q'a} and {j^j^} = {M A Qd^M A Q' d^a] so 

C^ ) '(p 2 /M 2 ) = M 2 A QQ'(a(p)a(-p)) (6.8) 

and C^' = C^' even when supersymmetry is broken. 
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